The effect of shear speed on the ball shear strength of Sn-3wt%Ag-0.5wt%Cu solder ball joints has been investigated. 
Introduction
Sn-Ag-Cu alloys are widely used as lead-free solders in many electronics products. [1] For high density packaging technology, area array type packages, such as ball grid arrays (BGA) and chip scale packages (CSP), have been adopted. These packages have solder balls on the electrodes and the solder balls are used to join the package to a substrate. [2] Since the joints are formed with solder balls, many studies of the reliability of the joints made with lead-free solder balls have been performed. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In most of these studies, the joint strength of the solder ball joint was examined at lower shear speeds using a ball shear tool. Since the increasing popularity of mobile products has made the impact reliability of the solder ball joint a critical issue, [14] impact tests have been used to examine the impact strength of solder ball joints at higher shear speeds. [14] [15] [16] [17] [18] However, studies which systematically investigated the effect of shear speed on joint strength over a broad shear speed range have not been found.
The purpose of this study is to investigate the effect of shear speed on the shear strength of a Sn-3wt%Ag-0.5wt%Cu solder ball joint. Moreover, the effect of electrode type on the shear strength of the joint under various aging conditions was also studied.
Experimental
Sn-3wt%Ag-0.5wt%Cu solder balls with 0.45 mm diameter were prepared. These solder balls were used to join a Cu electrode and an electroless Ni-P/Au plated Cu electrode to an FR-4 substrate by reflow soldering. Reflow soldering was performed with non-clean flux using a hot plate. The diameter of the Cu electrode was 0.3 mm. The thicknesses of the Ni-P layer and the Au layer were 3 μm and 0.04 μm, respectively. The composition of the Ni-P layer was Ni-6wt%P. Figure 1 shows the temperature profile in reflow soldering. After reflow soldering, aging treatments were conducted at 150°C for 100, 250 and 500 hours. For the cross-sections of the joints before and after aging, microstructural observation was conducted with an electron probe X-ray microanalyzer (EPMA).
Two types of shear tests were performed at room temperature in this study. A conventional ball shear test was Shohji et al.: Effect of Shear Speed on (1/6) performed at three lower shear speeds, 10 -5 , 2.5 × 10 -4 , and 10 -3 m/s, using a RHESCA Bonding Tester (PTR-1000). A ball impact test was performed at higher shear speeds using an INSTRON Micro Impactor. [15] The velocities before impact were set at 0.5 and 1 m/s. Each shear test was conducted within three days after reflow soldering and aging. Figures 2 and 3 show schematics of the ball shear test and the ball impact test, respectively. The thickness of the resist was 10 μm. Generally, in a conventional ball shear test the spacing between the edge of the shear tool and the resist surface is set at a few micrometers.
However, using such a value is difficult when performing the ball impact test. Thus, the spacing was set at 40 μm, which is generally used in the ball impact test, for both tests. Eight joints were measured under each test condition, and the average of the maximum shear load was evaluated by the data excluding maximum and minimum values. Fracture surfaces after the test were observed with the EPMA to investigate the fracture mode. Since it has been reported that there are at most only a few grains in CSP joints with a Sn-Ag-Cu solder [19] and in micro size specimens on a similar scale to CSP solder joints, [20] [21] [22] [23] [24] a transgranular fracture seems to have occurred in the joints. Therefore, the decrease of shear On the other hand, the fracture mode changes from solder fractures to IMC fractures at higher shear speed (above 0.5 m/s) regardless of aging conditions. As described above, a Cu 6 Sn 5 IMC layer, consisting of scallop-shape phases, forms in the joint interface just after reflow soldering. The IMC layer transforms from a scallop-shape to a lamellar structure upon aging. This structure change probably affects shear strength at higher shear speeds.
Results and Discussion

Microstructures of solder ball joints
Although the fracture mode changes from ductile to brittle 
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in the shear speed range from 10 -3 m/s to 0.5 m/s. Figure   9 indicates that ductile-to-brittle transition causes a reduction in shear strength. Figure 10 shows EPMA mapping analysis results for the IMC fracture surface after aging at 150°C for 500 hours. Au was not detected in this study, and thus the mapping result for Au is excluded in the figure. Analogous results were also observed in the IMC fracture surface of the asreflowed joint. Since Sn, Cu and Ni were mainly detected in the fracture surface, fracture mainly occurred in the (Cu, Ni) 6 Sn 5 IMC layer. Moreover, Ni and P were partially detected. These would correspond to P-rich phases. [10] A ball pull test revealed a similar fracture mode in the fracture surface. [10] As shown in Fig. 9 , at higher shear speeds the ball shear load was the highest after aging at 150°C for 100
hours. Further investigation will be required to discover the reason for this phenomenon.
Conclusion
In this study, the effect of shear speed on the shear strength of Sn-3Ag-0.5Cu solder ball joints was investi- Cu and electroless Ni-P/Au electrodes, respectively.
